rious pests after insecticide sprays involves two main factors: one is the rapid development of resistance to insecticides among spider mites, and the other is the suppression of natural enemies (van de Vrie et al., 1972) . Many studies have shown that T. urticae and T. kanzawai possess the ability to rapidly develop resistance to various insecticides (Kadono, 1995; Goka, 1998 Goka, , 1999 Izawa, 1998) . Although it has been verified that the suppression of natural enemies has the greatest impact on spider mite outbreaks (Trichilo and Wilson, 1993) , the influence of natural enemies on the species composition of spider mites and the population dynamics of each spider mite species remains unknown on Japanese pear. Moreover, the occurrence patterns of the natural enemies of spider mites on Japanese pear have not been studied, because the heavy spraying of insecticides against 'key pests' such as stink bugs, Plautia crossota stali Scott, fruit borers, Grapholitha molesta (Busck) and Carposina sasakii (Matsumura), and leaf rollers, Homona magnanima Diakonoff and Adoxophyes spp., has prevented the occurrence of natural enemies of spider mites in most commercial Japanese pear orchards (Takafuji and Morimoto, 1983; Takafuji and Kamibayashi, 1984; Gotoh, 1997) .
With the recent use of mating disrupters against 'key pests' of fruit borers and leaf rollers, it has become possible to reduce pesticide application in Japanese pear orchards, thus conserving the native natural enemies for the control of spider mites (Izawa et al., 2000) . For the effective use of native natural enemies on Japanese pear through integrated pest management programs, it is important to elucidate how the species composition of spider mites and their natural enemies changes when the use of agrochemicals is reduced (Strickler et al., 1987; Amano and Chant, 1990) , and how the natural enemies suppress each spider mite species. As the first step toward this goal, I compared the species composition and seasonal occurrence of spider mites and their natural enemies for four years in three Japanese pear orchards managed by different agrochemical spray programs.
MATERIALS AND METHODS
Experimental pear orchards. Three Japanese pear orchards with different control pressures located in the National Institute of Fruit Tree Science, Ibaraki Prefecture, eastern Japan, were chosen for this study. One orchard was an agrochemical-free orchard (Orchard A), another orchard was pesticide-free (Orchard B), and the other was conventionally controlled (Orchard C). The first two orchards were located on opposite sides of a path, and Orchard C was about 600 m away from the first two orchards (Fig. 1) . The location of the trees and the characteristics of the 3 orchards are shown in Fig. 2 and Table 1 , respectively. Orchard A consisted of 10 trees of the Japanese pear variety, Chojuro. Orchards B and C comprised several varieties (Table 1) . In Orchard B, 17 peach trees, eight apple trees, and 14 vines were also planted ( Fig. 2(b) ). The pear trees in all three orchards were 20 to 25 years old.
The orchard management procedures and the spray calendar are shown in Table 1 and Appendix 1, respectively. No pesticides, acaricides, or fungicides were used in Orchard A. No pesticides or acaricides were used in Orchard B except for petroleum oil in the winter, whereas fungicides were sprayed according to the conventional control calendar (Appendix 1(i)). In Orchard C, both pesticides and fungicides were sprayed (Appendix 1 (ii)), but no acaricides were used during the experimental period. This orchard management protocol began when the pear trees were planted in all three orchards.
There were pear (pr), peach (pc), and chestnut (c) orchards with conventional control, nursery fields of pear and peach (n), and coppices (co) surrounding the three experimental orchards. Several Japanese holly trees, Ilex crenata Thunb. on which P. citri occurred, were planted near the three orchards. Each orchard was surrounded by windbreaks of Sawara cypress on which spider mites, Oligonychus ununguis (Jacobi), and their predators occurred.
Population census. In these experimental orchards, pear trees usually foliated in mid-April, then completely defoliated in late November. Thus, observations were made from early May to midNovember throughout the four years. However, pear trees in Orchard A began to defoliate earlier than those in the other two orchards, because of diseases such as scab and rust. Thus, observations in Orchard A were finished in early October in 1996 and 1999.
In each orchard, two to three census trees were selected ( Fig. 2(a)-(c) ). At intervals of 1 to 2 weeks, 40 leaves were collected at random from each census tree: 20 leaves from cluster and the rest from current shoot. The leaves were placed in paper bags, which were then kept inside plastic bags in an insulated cooled box. I counted adult females of spider mites and predatory mites, and all (Glyphosate-iso-propylammonium) (Glyphosate-iso-propylammonium) within 1 m of each tree and monthly within 1 m of each tree and monthly cutting cutting observed stages of predatory insects under a stereomicroscope. Specimens were mounted in Hoyer's medium on glass slides for identification when necessary.
RESULTS

Species composition
The proportion of each spider mite species varied greatly with the orchard (Fig. 3) . A. viennensis was highly dominant in Orchard A and P. citri occupied more than 95% of the species in Orchard B throughout the 4-year period. In Orchard C, the dominant species was T. urticae, except for in 1998, when P. citri was dominant. A. viennensis were never observed in Orchard C and no T. urticae were ever observed in Orchard A. The population of T. kanzawai was consistently low, although it was observed in all orchards throughout the 4-year period.
The species composition of the predacious mites also differed greatly among the orchards (Table 2) . Among the phytoseiid mites, Amblyseius orientalis Ehara throughout the 4-year period and A. sojaensis Ehara in 1999 were abundant in Orchard A. In Orchard B, Typhlodromus vulgaris Ehara was the most dominant species throughout the 4-year period. Very few phytoseiid mites were observed in 1996 and 1997 in Orchard C, but Amblyseius californicus (McGregor) was abundant in 1998 and 1999. Among the other predacious mites, the anystid mite, Anystis baccarum (Linnaeus), was abundant in Orchard A. Two stigmaeid mites, Agistemus terminalis (Quayle) and A. exsertus González, were rare in all orchards throughout the entire study period.
The predacious insects that were abundant in the three orchards (Fig. 4) were Stethorus japonicus H. Kamiya, Oligota spp., Scolothrips takahashii Priesner, and Feltiella sp. Two Oligota, O. kashmirica benefica Naomi and O. yasumatsui Kistner, were observed. Although identification of the two species was impossible in the egg stage, most individuals (98.1%) were O. kashmirica benefica in the larval and adult stages. The proportions of these predators varied among orchards and they also varied greatly by year within each orchard (Fig. 4) . Unlike spider mites and phytoseiid mites, no dominant species of predacious insects peculiar to each orchard was observed, except that Feltiella sp. was relatively abundant in Orchard A. Besides these predacious insects, the generalist predacious insects, Orius sp. and Haplothrips sp., were observed, but they were consistently rare; their total numbers in the three orchards for the 4-year period were 18 and seven, respectively.
Seasonal occurrence
The seasonal occurrence patterns of all spider mite species (Fig. 5(a) (i)-(c)(i)) were similar in all orchards throughout the study period. The mite density was extremely low until mid-July, increased to a maximum from mid-August to early September, and then decreased a few weeks later. Except in Orchard C in 1996, the density increased until early November when the pear leaves began to defoliate. However, the density level of the spider mites varied year by year for each species. The difference in the peak densities of spider mites among the orchards seemed to be due to the differ-ences in the dominant spider mite species, rather than to differences in control pressure. The peak density was higher in the orchards where P. citri was dominant (Orchard B from 1996 to 1999, and Orchard C in 1998) than in those where A. viennensis or T. urticae was dominant (Fig. 5(a)(i)-(c)(i) ). Extremely high density of P. citri per leaf in Orchard B was observed in 1997 and 1999, thus pear leaves were severely damaged (Fig. 5(b)(i) ).
Two dominant phytoseiid species, A. orientalis and A. sojaensis, were observed in Orchard A throughout the census period, irrespective of spider mite occurrence, though the population densities were consistently low without distinct peaks (Fig.  5(a)(ii) ). On the other hand, the population of T. vulgaris in Orchard B peaked rapidly shortly after the increase of P. citri, and declined thereafter (Fig. 5(b) (ii)). The density remained relatively high even after the density of P. citri had become very low. The occurrence of A. californicus in Orchard C was synchronized with that of the spider mite, and it became rapidly abundant during the 4-year period (Fig. 5(c)(ii) ). The occurrence of all of the predacious insects in the three orchards was also synchronized with that of the spider mites ( Fig.  5(a)(iii)-(c)(iii) ).
Responses of the predacious insects to the spider mite densities
The density of spider mites in the pear orchards varied greatly with the dominant species, as described above. In order to elucidate the relationship between the predator and the density of each dominant spider mite species, I plotted the abundance of the predacious insects (all species included in Fig.  6 , and each species in Fig. 7 ) versus prey abundance. I selected the predacious insects for analysis because they occurred in all of the orchards. In the orchard where P. citri was dominant, predacious insects began to occur as the spider mite density increased, clearly showing a density-delayed dependence (Fig. 6(b) , and (c) in 1998). On the other hand, when A. viennensis or T. urticae was dominant, predacious insects occurred at high densities even when the spider mite density was low, and the relationship was not consistent (Fig. 6(a) , and (c) except for 1998).
The predator's response to the density of each spider mite species differed with the predacious insect species (Fig. 7) . S. japonicus and Feltiella sp. occurred even when the spider mite density was low in an orchard where A. viennensis or T. urticae was dominant, whereas these predacious insects began to occur when the spider mite densities became high in an orchard where P. citri was dominant ( Fig. 7(I), (II) ). S. takahashii also occurred even when the spider mite density was low in an orchard where T. urticae was dominant (Fig. 7  (III) ). On the other hand, Oligota spp. began to occur when the spider mite density became high, irrespective of the mite species (Fig. 7(IV) ), and seldom occurred in the orchards when the spider mite density was low.
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DISCUSSION
Agrochemical applications have important influences on the arthropod communities on agricultural crops (Liss et al., 1986; Brown and Welker, 1992; Brown and Schmitt, 2001) . Increased use of agrochemicals, not only pesticides but also some fungicides, has been shown to change species composition, decrease species diversity, and cause outbreaks of spider mites such as T. urticae and P. ulmi in North American apple orchards (van de Vrie, 1985; Strickler et al., 1987; Amano and Chant, 1990; Hardman et al., 1995) . In this study, I Fig. 5(b) showed that the species composition and the dominant species of spider mites and predacious mites differed clearly among the three orchards managed by different control programs, and that even fungicide applications affect the species composition. On the other hand, the dominant species of predacious insects varied greatly from year to year. This suggests that the use of agrochemicals has no significant influence on the species composition of predacious insects because of their potential for long-distance migration.
There was a difference in the dominant spider mite species among the orchards with agrochemical applications, e.g. A. viennensis in the agrochemical-free orchard and T. urticae in the conventional control orchard. On Japanese pear, a historical shift in serious pest species has been reported: T. urticae, which possesses the ability to rapidly develop resistance to various agrochemicals, has become a severe pest, as the amount of agrochemical applications increase (Nakagaki, 1980; Uchida, 1982; Kadono, 1998) . The difference in the dominant spider mite species in this study seems to correspond to the historical shift, and suggests that this shift is due to the increased agrochemical use.
In this study, P. citri was not dominant in the conventionally controlled orchard, except for in 1998, although it is known to be a serious pest on citrus heavily sprayed with pesticides. In eastern Japan where very few citrus are cultivated, P. citri populations on Japanese pear consist of immigrants from Japanese holly trees, which are often planted as windbreaks around orchards and are not usually sprayed; most of them then starve to death after defoliation in late autumn (Kunimoto et al., 1993; Gotoh and Kubota, 1997) . Because of this life-history characteristic, P. citri may not easily develop resistance to agrochemicals on Japanese pear in eastern Japan.
This study demonstrated that the dominant phytoseiid species changed with an increased use of agrochemicals. It is consistent with studies of North American apple orchards (Strickler et al., 1987; Amano and Chant, 1990; Croft and Slone, 1998) . However, the number of species did not clearly decrease. The dominant phytoseiid species in this study were consistent with those described in previous reports: A. orientalis and A. sojaensis were abundant on windbreaks around orchards (Inoue et al., 1991) and on plants in non-agricultural areas such as hydrangea (Gotoh and Gomi, 2000) , rather than on agricultural crops. T. vulgaris is often observed in pesticide-reduced or pesticidefree orchards, although no quantitative data have been reported (Amano, 1996) . In contrast, A. californicus is considered to be one of the most prospective phytoseiid mites for the suppression of spider mites, even when used in conventionally controlled orchards (McMurtry, 1982; Wysoki, 1985) . Predacious insects are highly susceptible to various pesticides (Mori and Gotoh, 2001; Kishimoto, unpublished data) . However, in the present study, the influence of the application of agrochemicals on their species composition was small. This inconsistency may be explained as follows. The adults of these predacious insects are capable of migration by flight, thus they immigrate into the orchard from the surrounding vegetation such as windbreaks and weeds near the orchards, only when the population density of the spider mite is high (Shimoda and Takabayashi, 2001) . Therefore the use of agrochemicals may have been less effective against these insects than spider mites and phytoseiid mites, which are wingless. Possible factors affecting the abundance of these predacious insects in these orchards may be: 1) abundance of the insects just before immigration, and 2) the prey species and densities in the orchards. The latter factor will be discussed later.
The occurrence pattern of the phytoseiid mites in the three orchards varied greatly with the dominant spider mites, whereas the occurrence of all of the predacious insects in the three orchards was synchronized with the occurrence of the spider mites. These differences appeared to be due to differences in the feeding habits. Phytoseiid mites show a great diversity in feeding habits within the family, ranging from specialists of spider mites to generalists that consume a wide variety of foods, Spider Mites and Predators on Pear 611 Fig. 6 . Seasonal changes in the relationship between the abundance of dominant prey species and that of predacious insects (all species inclusive) in the three experimental orchards. The dominant prey species were: (a) A. viennensis (᭢), (b) P. citri (᭜), and (c) T. urticae (᭹) except in 1998, and P. citri (᭜) in 1998. *: beginning of the predacious insect occurrence. including plant materials (McMurtry et al., 1970; McMurtry and Croft, 1997) . The occurrence patterns of A. sojaensis and A. orientalis, which are dominant in the agrochemical-free orchard, showed a pattern peculiar to the generalist phytoseiid species (McMurtry, 1992) . A. sojaensis are known to prefer pollen and rust mites to spider mites (Osakabe et al., 1986; Kondo and Hiramatsu, 1999) . In Orchard A, rust mites were observed from mid-May to early July throughout the four years, although there was no quantitative data. Thus, it is necessary to investigate the relationship between the abundance of A. sojaensis and rust mites. McMurtry (1992) suggested that the generalist phytoseiid mites played an important role when the density of spider mites was low, but did not suppress the spider mite population when it started increasing. The occurrence patterns of phytoseiid mites and spider mites in Orchard A seem to correspond to this suggestion, although further study will be necessary to elucidate the impact of these phytoseiid mites on the spider mite populations. T. vulgaris, which is dominant in the pesticide-free orchard, appeared to depend on P. citri, but the relatively high density after a decrease in the P. citri density suggests that this predator can maintain its population by feeding on alternative food sources. Possible alternative foods were honeydew of aphid Nippolachnus piri Matsumura which was abundant in September in Orchard B, and sooty fungi on the honeydew. On the other hand, A. californicus, dominant in the conventionally controlled orchard, is strongly associated with occurrence of spider mites (McMurtry, 1982; McMurtry and Croft, 1997) . All of the predacious insects abundant in the orchards are also known to be specialists of spider mites (Amano, 1996) . Studies on these insects have focused on variations in predatory capacity and on responses to the spider mite density (Amano, 1996) but have paid little attention to responses to the spider mite species. This study showed that these predacious insects occurred irrespective of the dominant spider mite species, and that their responses to the spider mite density differed with the spider mite species. This suggests that the occurrence of these predacious insects is affected by the spider mite species, as well as by the spider mite density.
The peak density of spider mites in the orchards where P. citri was dominant was higher than that in the orchards where A. viennensis or T. urticae were dominant, although the predacious insects occurred in these orchards. This suggests that these predacious insects would be less effective in suppressing P. citri than in suppressing T. urticae and A. viennensis. Further studies will be necessary to elucidate the interactions of each spider mite species and these predacious insects, such as prey suitability and preference.
